Background. Genital immune activation is suspected to modulate local human immunodeficiency virus (HIV) RNA levels and the risk of sexual HIV transmission.
Sexual human immunodeficiency virus (HIV) transmission continues to sustain the global HIV pandemic [1] . Although there is heterogeneity in the probability of HIV transmission per coital act [2] , studies have shown that the genital HIV viral load (VL) predicts the risk of onward sexual HIV transmission [3] . Suppressive antiretroviral therapy (ART) use prevents HIV acquisition and transmission [4, 5] ; however, elucidating the mechanisms that drive genital HIV shedding may aid in developing additional biomedical strategies to reduce the risk of onward sexual HIV transmission.
One hypothesis proposes that local HIV replication and sexual HIV transmission is enhanced by genital inflammation and immune activation. Genital ulcer disease (GUD) and some inflammatory sexually transmitted infections are associated with an increased risk of HIV shedding and onward sexual HIV transmission, especially in high prevalence settings [6, 7] . Randomized trials have shown that the genital HIV VL declines following treatment of cervicitis and urethritis [8, 9] . Further evidence stems from in vitro models in which pro-inflammatory cytokines such as interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α can activate HIV replication [10] . Indeed, many of the same pro-inflammatory cytokines correlate with plasma [11] , cervicovaginal [12] [13] [14] , and seminal HIV RNA levels in vivo [15] [16] [17] [18] . However, genital immune activation may be a consequence rather than a cause of local HIV replication [10] . A causal relationship between genital pro-inflammatory cytokines and HIV shedding cannot be inferred without a better understanding of the temporal sequence of these events.
The seminal HIV VL is believed to be the primary biological determinant of male-to-female HIV transmission [3] , but HIV shedding from the penile epithelium may also play a role in heterosexual HIV transmission. While detectable HIV RNA levels have been reported from penile ulcers [19] , 2 recent reports found detectable penile HIV RNA levels among uncircumcised men without visible ulcerations, lesions, or wounds [20, 21] . These studies also reported increases in penile HIV shedding 1-3 weeks following male circumcision (MC), which peaked at the second postoperative week, among men naive to antiretroviral therapy (ART) [20, 21] . Although the infectiousness of penile HIV shedding cannot directly be studied, a randomized trial of MC in HIV-infected men found an increased risk of HIV transmission to female partners among couples who engaged in sexual intercourse prior to wound healing [22] . The temporary increase in penile HIV shedding after MC may have been driven by the immune activation required for epithelial wound repair [23] . We prospectively examined the relationship between locally induced pro-inflammatory cytokine production and penile HIV shedding among men undergoing MC.
METHODS

Ethics Statement
Participants provided written informed consent prior to enrollment. The study was approved by the Higher Degrees, Research and Ethics Committee of Makerere University, the Science and Ethics Committee of the Uganda Virus Research Institute, the Uganda National Council for Science and Technology, Western IRB, and the Johns Hopkins University School of Medicine IRB.
Study Design
Between June 2009 and April 2012, a prospective cohort study was conducted to assess HIV shedding from MC wounds among HIV-infected men in Rakai, Uganda [21, 24] . In brief, uncircumcised HIV-infected men ≥ 15 years who requested MC services and had no contraindication to surgery were enrolled. Symptomatic conditions were treated and resolved prior to surgery. Men were offered standard of care HIV counseling and testing and were instructed on HIV prevention, proper wound care, and to abstain from sexual intercourse until the wound was healed (no scabs, sutures, or stitch sinuses) as determined by a clinical officer [21] . At enrollment, participants provided interview data on sociodemographic characteristics, ART use, and sexual behaviors. MC was performed using the dorsal slit method, and participants were followed weekly for 6 weeks. At baseline and follow-up visits, venous blood and penile lavage samples (washing the coronal sulcus with 5 mL of phosphate-buffered saline [PBS] ) were collected at the MC site by clinical officers following a standardized protocol [21] . All specimens were stored at −80°C.
HIV, HSV-2, and CD4 + T-cell Count Testing
HIV and herpes simplex virus type 2 (HSV-2) serostatus, and CD4 + T-cell counts were determined as described elsewhere [21, 24] . The plasma HIV VL was measured using the Abbott Laboratories reverse-transcription polymerase chain reaction (RT-PCR) assay (detection limit = 400 RNA copies/mL). The penile lavage HIV VL was assessed by a modified protocol of the Abbott Laboratories RT-PCR assay (detection limit = 40 RNA copies/mL) [21] .
Detection and Quantification of Pro-Inflammatory Cytokines from Penile Lavage Samples
Cytokine concentrations were determined from penile lavage samples at the baseline visit (before MC) and postoperative study weeks 1-4 using a multiplex electrochemiluminescent detection system (Meso Scale Discovery, Rockville, Maryland). The V-PLEX Plus Proinflammatory Panel 1 (humans) kit was used to measure interferon (IFN)-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, TNF-α. A previous study found optimal recovery of these analytes in samples stored in PBS [25] . Samples from a given individual were run in-duplicate on the same plate. All testing was conducted using the same manufacturer lot number. Cytokine concentrations were calculated per manufacturer protocol (MSD DISCOVERY WORKBENCH® analysis software). We considered cytokines to be "detectable" if: (1) both runs of each sample had a signal greater than 2.5 standard deviations of the plate-specific blank, and (2) the average value between runs was above the analyte's lower limit of quantification (LLOQ). Table 1 ). IL-1β and IL-8 had > 50% detectability using the LLOQ cut-off and were redefined to be "detectable" in binary analyses if the concentration was above the median (IL-1β = 5.50 and IL-8 = 26.0 pg/mL).
Statistical Analysis
Differences in enrollment characteristics between men with and without a detectable plasma HIV VL were assessed by Pearson χ 2 tests. Analyses hereinafter were limited to men with a detectable plasma HIV VL at enrollment because the biological mechanisms that drive HIV RNA production may differ in men with a suppressed plasma HIV VL (only 5 penile shedding events were observed among this subgroup). Cytokine detection was examined individually, but we also assessed the total number of detectable cytokines as a surrogate for the degree of penile immune activation (ordinal categories: ≤ 1, 2-4, or 5-7 detectable cytokines) [26] . We first assessed cross-sectional associations of penile immune activation and detectable penile HIV shedding among uncircumcised men at baseline ( Figure 1A ) by calculating prevalence ratios (PRs) of detectable HIV shedding using modified Poisson regression. We also performed a cross-sectional (same-visit) assessment of penile immune activation and detectable penile HIV shedding among circumcised men at postoperative visits ( Figure 1B ) by calculating prevalence risk ratios (PRRs) of detectable HIV shedding. PRRs were estimated using generalized estimating equations with a Poisson distribution and robust variance estimators-a statistical method that accounts for repeated measures. For the main (temporal) analysis, the exposure of interest was penile immune activation at the previous visit ( Figure 1C ), and PRRs of detectable HIV shedding were calculated as previously described. By design, this analysis only included HIV shedding events at postoperative weeks 2-4 ( Figure 1C ). To mitigate the impact of reverse causation, we conducted sensitivity analyses excluding men with penile HIV shedding at the previous visit ( Figure 1D ). Multivariable models included adjustment for potentially confounding variables determined a priori from the existing literature: baseline HSV-2 serostatus, time-varying wound healing status, and time-varying plasma HIV VL [21] . Although resumption of sex after MC was considered a potential confounder in our causal framework, it was not included in the models due to collinearity with wound healing status [21] .
Trends in the prevalence of detectable penile HIV shedding (binary outcome) by ordinal variables (ie, total number of detectable cytokine categories) were assessed using the Cochran-Armitage test. Among visits with detectable HIV shedding, trends in the log 10 penile HIV VL (continuous outcome) by ordinal categories were assessed by the Cuzick test for trend. Differences in continuous variables between paired groups were determined by the Wilcoxon rank-sum test. Correlations between continuous variables were determined by the Spearman rank-order test.
Statistical analyses were performed using STATA, SE version 14.2 (STATA Corp LP, College Station, Texas) and R statistical software, version 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Participant Characteristics
At enrollment, there were 175 men with a detectable plasma HIV VL and 46 men with a suppressed plasma HIV VL (Table 1) . A detectable plasma HIV VL was associated with an increased number of sexual partners in the past year (P = .033; Table 1 ). Among men with a detectable plasma HIV VL, penile HIV shedding was detected among 9.1% (16/175) of baseline visits and 19.0% (120/633) of postoperative visits; 42.2% (74/175) of the men with a detectable plasma HIV VL at enrollment shed HIV at least once among postoperative visits. Among men with a suppressed plasma HIV VL, penile HIV shedding occurred in 2.2% (1/46) of men at baseline and 2.4% (4/164) of postoperative visits. The cumulative proportion of healed wounds by the fourth postoperative study visit was similar between men with a detectable plasma HIV VL (70.5%) and a suppressed plasma HIV VL (67.4%; P = .922).
Correlates of Penile Cytokine Detectability at Baseline
At baseline, there were no significant associations between the detection of IL-1β, IL-2, IL-6, IL-8, IL-10, IL-13, or TNF-α levels with age, GUD during the last 30 days, HSV-2 serostatus, ART use, or CD4 + T-cell count (data not shown). When comparing men by plasma HIV viremic status, there were no individual differences in cytokine detectability at baseline (Supplemental Table 2 ).
Cross-Sectional Associations Between Penile Immune Activation and HIV Shedding, Before and After MC
The total number of detectable cytokines was associated with detectable HIV shedding at baseline. Compared to men with ≤1 detectable cytokine at baseline (6.1% [9/148] ), those with Figure 2A ). Despite adjustment for HSV-2 serostatus and plasma HIV VL, men with 5-7 detectable cytokines at baseline were significantly more likely to shed HIV than men with ≤1 detectable cytokine (Figure 2A ). In addition, among men with detectable HIV shedding at baseline, the total number of detectable cytokines was associated with increasing log 10 penile HIV RNA levels (P trend = .008; Figure 2B ). A higher prevalence of detectable penile cytokines and HIV shedding following MC resulted in increased power to estimate the effect of penile immune activation on the risk of penile HIV shedding. Compared to men with ≤1 detectable cytokine among postoperative visits (7.9% [22/278] Figure 2C ). These associations remained significant after adjustment for HSV-2 serostatus, wound healing, and plasma HIV VL ( Figure 2C ). Among postoperative visits with detectable HIV shedding, there was also a step-wise increase in log 10 penile HIV RNA levels by the total number of detectable cytokines at the same visit (P trend < .001; Figure 2D ).
Temporal Associations Between Penile Immune Activation and HIV Shedding After MC
Detectability of most cytokines peaked at the first postoperative week, although the prevalence of detectable HIV shedding peaked at the second postoperative week (Figure 3 Figure 4A ). These associations remained statistically significant after controlling for HSV-2 serostatus, wound healing, and plasma HIV VL ( Figure 4A ). Among men with detectable HIV shedding, the total number of detectable cytokines at the visit prior to HIV shedding was also associated with higher log 10 penile HIV RNA levels (P trend = .062; Figure 4B) .
In separate models for each cytokine, detection of each individual cytokine at the previous visit was significantly associated with a higher prevalence of detectable HIV shedding ( Table 2) . After controlling for HSV-2 serostatus, wound healing, and plasma HIV VL, detection of each pro-inflammatory cytokine at the previous visit (except IL-2 and TNF-α) remained associated with an increased prevalence of detectable HIV shedding (Table 2 ). Quantifiable cytokine levels at the visit prior to HIV shedding also correlated with the log 10 penile HIV RNA levels among HIV shedders; specifically, IL-1β (r = 0.28; P = .012; Figure 5A ), IL-6 (r = 0.21; P = .075; Figure 5B ) and IL-13 (r = 0.25; P = .05; Figure 5C ). This was not observed for IL-8 (r = −0.07; P = .657; n = 45), and the remaining cytokines had an insufficient sample size to assess this relationship.
Sensitivity Analysis
A sensitivity analysis was conducted to more specifically consider penile immune activation without HIV shedding at the previous visit as the the exposure of interest. Table 3 ). Detection of IL-1β, IL-6, IL-8, or IL-13 at the previous visit was significantly associated with an increased risk of detectable HIV shedding in multivariable models (Supplemental Table 3 ). Among men with detectable HIV shedding, there were significant correlations between log 10 penile HIV RNA levels and quantifiable levels of IL-1β (r = 0.35; P = .03; Figure 5D ), IL-6 (r = 0.56; P < .001; Figure 5E ), and IL-13 (r = 0.55; P = .003; Figure 5F ) at the visit prior to detectable HIV shedding. Cross-sectional analysis of the total number of detectable cytokines and penile HIV shedding at individual person-visits. The data were limited to 175 men with a detectable plasma HIV viral load at enrollment. The exposure of interest was the total number of detectable cytokines at the same visit, with 0-1 detectable cytokines as the referent. A, The gray bars represent the crude prevalence of HIV shedding at baseline (n = 175 visits), and the point estimates reflect adjusted prevalence ratios and 95% CI of detectable HIV shedding. The multivariable analysis adjusted for HSV-2 serostatus and plasma HIV VL (n = 175 visits). B, In men with detectable HIV shedding at baseline, the penile HIV RNA levels was compared by the total number of detectable cytokines using Wilcoxon rank-sum tests. C, The gray bars represent the crude prevalence of HIV shedding at postoperative visits, and the point estimates reflect adjusted prevalence risk ratios and 95% CI of detectable HIV shedding (n = 633). The multivariable complete-case analysis adjusted for HSV-2 serostatus, wound healing, and time-varying plasma HIV viral load (n = 609 visits). D, In men with detectable HIV shedding at postoperative visits, penile HIV RNA levels were compared by the total number of detectable cytokines using Wilcoxon rank-sum tests. Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus; HSV-2, herpes simplex virus type 2; MC, male circumcision; VL, viral load.
DISCUSSION
In this prospective study, we characterized the association between soluble markers of penile immune activation and HIV shedding from the coronal sulcus. In plasma HIV viremic men, a stronger proinflammatory cytokine response was associated with an increased prevalence and magnitude of penile HIV shedding at the same visit and at the subsequent visit. This temporal relationship suggests penile immune activation plays a direct role in the modulation of local HIV viral dynamics and may result in an increased risk of onward sexual HIV transmission. The total number of detectable cytokines at the previous visit and penile HIV shedding. The data were limited to men with a detectable plasma HIV viral load at enrollment. The exposure of interest was the total number of detectable cytokines at the previous weekly visit, with 0-1 detectable cytokines as the referent. A, The gray bars represent the crude prevalence of detectable penile HIV shedding (n = 439 visits; N = 167 men), and the point estimates reflect adjusted prevalence risk ratios and 95% confidence intervals of detectable penile HIV shedding (n = 420 visits; N = 163 men). The model was adjusted for HSV-2 serostatus, time-varying wound healing, and time-varying plasma HIV viral load. Panel (B) depicts the penile lavage HIV RNA levels (log 10 copies/mL) among men with detectable HIV shedding. P values between paired groups were calculated by Wilcoxon rank-sum tests. Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus; HSV-2, herpes simplex virus type 2; VL, viral load. The data were limited to men with a detectable plasma HIV viral load at enrollment. Prevalence risk ratios (PRRs) of detectable HIV shedding at postoperative visits were estimated by Poisson regression with generalized estimating equations and robust variance estimation (n = 439 visits; N = 167 men). The multivariable complete-case analysis adjusted for HSV-2 serostatus, time-varying wound healing status, and time-varying plasma HIV viral load (n = 420 visits; N = 163 men).
Abbreviations: CI, confidence interval; HIV, human immunodeficiency virus; IL, interleukin; TNF, tumor necrosis factor.
Figure 5.
Quantifiable cytokine levels at the previous visit and penile HIV-1 RNA levels among men with detectable HIV shedding after male circumcision. The data were limited to men with a detectable plasma HIV viral load and detectable penile lavage HIV viral load. The correlation coefficient was calculated by the Spearman rank-order test. Panels A, B, C show scatter plots that depict the correlation between quantifiable penile cytokine levels (log 10 pg/mL) at the previous visit and penile lavage HIV RNA levels (log 10 copies/mL) among men who had detectable HIV shedding. Panels D, E, F show the same relationship but reflect the sensitivity analysis in which men with HIV shedding at the previous visit were removed from the analysis. Abbreviations: IL, interleukin; HIV, human immunodeficiency virus; VL, viral load.
The temporal associations between penile immune activation and local HIV shedding in this study were independent of plasma HIV VL. This supports the hypothesis of a compartmentalized genital mucosal immune system that can locally promote HIV replication [18, 27] . Cross-sectional associations between elevated seminal proinflammatory cytokine levels and seminal HIV RNA levels have previously been reported; however, there is significant variation across studies in which individual cytokines are associated with HIV shedding [15-17, 27, 28] . Unlike the classic inductive pro-inflammatory cytokines (ie, IL-1β and IL-6) and chemokines (ie, IL-8), limited seminal studies have previously found associations between the regulatory and adaptive cytokines (ie, IL-13) and HIV shedding [17, 27] . The exact role of each cytokine, however, cannot be inferred from this study since cytokines such as IL-10 and IL-13 also have anti-inflammatory properties [10] . Additionally, some cytokines had a trend for a temporal association with HIV shedding but were limited by sample size due to low detectability (ie, IL-2 and TNF-α).
There are two possible explanations for the increase in HIV shedding observed following MC. First, because HIV virions can travel through penile tissue [29] , it could simply be that severe disruption to the epithelial barrier after MC increased the feasibility of viral diffusion to the penile surface. However, in a previous analysis of the men in this study, it was shown that the magnitude of the penile HIV VL was highest at the second postoperative week, even higher than the surgical visit at which there was an open wound [21] . Given that penile immune activation peaked at the first postoperative week, and there was a temporal relationship between penile immune activation and HIV shedding in this study, the increase in HIV shedding during wound healing may partly be explained by the enhanced recruitment and activation of inflammatory cells that are capable of promoting local production of HIV [23] . Because this study was conducted in vivo, we could not directly measure the cellular make-up of the coronal sulcus; however, pro-inflammatory chemokine levels (ie, IL-8) in the coronal sulcus have been shown to correlate with increased immune cells in the coronal sulcus [26] , and we have previously shown that HIV-infected men retain increased densities of activated T-cells in the foreskin [30] [31] [32] . Notably, we also observed an association between pro-inflammatory cytokines and HIV shedding before there was severe trauma to the penile tissue (uncircumcised men at baseline). The consistent association observed at 2 physiologic states of the penile tissue increases the likelihood of a biological effect between penile immune activation and local HIV shedding.
There is likely a bidirectional relationship between penile immune activation and HIV viral replication. Fortunately, we were able to mitigate the impact of reverse causation by lagging exposure variables of penile immune activation when assessing their association with HIV shedding. In sensitivity analyses, we further limited the potential for reverse causality by excluding visits with HIV shedding at the previous visit. Additionally, a unique strength of this study is that pro-inflammatory cytokine production was induced among all participants. However, due to the observational design of this study, we cannot eliminate the potential for residual and unmeasured confounding.
Mitigating factors that enhance HIV infectivity and susceptibility is essential to prevent the risk of HIV transmission at the individual level and control the infection at the population level [33] . The findings from this study may explain how proinflammatory factors likely in the causal pathway of genital immune activation, such as cytomegalovirus replication [34, 35] , GUD [6, 19] , and changes in the microbiome may enhance local HIV replication and onward sexual HIV transmission [36] . Interestingly, both vaginal and penile inflammation have recently been shown to be associated with increased risk of HIV acquisition in uninfected partners [26, 37] . Although the HIV field has made significant strides in demonstrating the efficacy and effectiveness of both ART and MC in preventing HIV transmission [4, 5, [38] [39] [40] , it is critical that we continue to characterize the local immunology of HIV transmission in an effort to develop additional biomedical interventions.
In summary, soluble markers of penile immune activation were strongly associated with an increased risk of local HIV shedding from the coronal sulcus. Causality cannot be determined from this study alone, but these data are consistent with the literature and support the biologically plausible model where genital immune activation drives local HIV replication. Further work is needed to investigate the complex relationship of mucosal immune responses and local HIV replication, and their impact on the risk of sexual HIV transmission.
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